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ABSTRACT
Lean premixed (LP) combustion has become the dominant industrial approach to
reduce NOx emissions. Homogeneous mixing of lean fuel and air mixtures prevents the
presence of undesirable localized regions of near-stoichiometric fuel/air mixtures, thereby
allowing a reduction in thermal NOx. A new concept, a multi-point micro injection
premixer, is presented in this dissertation. The multi-point micro injection premixer is a
porous plate that provides a simple but extremely effective method to mix air and fuel.
An array of fuel jets is injected in a direction perpendicular to the plane of the premixer
plate into an oncoming counterflow stream of air. The fuel mixes with the air, and
reverses direction. The mixture of air and fuel travels back through the injector plate
exiting as an extremely uniform mixture.
A simplified numerical model was built to analyze the case of a single micro
counterflow jet mixing into on an oncoming air stream. The model predicted that a higher
fuel/air momentum ratio results in better mixing.
Four injection plates are fabricated with different combinations of hole arrays and
hole diameters. The velocity measurement by constant temperature anemometer showed
that all jets in a premixer have similar jet velocity profiles.
Velocity profiles were taken near the dump plane of the combustor for a variety of
cases. It was found that the presence of the premixer plate had very little effect on the
macroscopic velocity distribution. However, with counter-injection, the turbulence
intensity was much greater across the core region exiting the premixer, and less near the
periphery (compared to the case without counter-injection).

ix

From combustion experiments, it is found that at same fuel and air mass flow
rates, the cases where a micro injector was used to mix air and fuel produced lower
equivalence ratio at LBO, higher heat release rate and lower NOx emission than the cases
without counter injection. Furthermore, the higher the counterflow jet velocity, the better
the combustion performance.
From all the experiment data it is shown that the new concept multi-point micro
injection premixer provides very good mixing of fuel/air with high efficiency.

x

CHAPTER 1 INTRODUCTION
1.1 Background
Gas powered turbine engines are used in a variety of applications (electric power
production, jet engines, etc.). Modern gas turbine engines have the highest operating
efficiencies and turn out the fewest pollutants among major combustion energy
converting devices [1]. In addition, they are attractive because of low capital costs
required to bring new systems online. As a result, gas turbines have become an important
component of the overall strategy to meet future power requirements in the United States
and worldwide.
Environmental awareness and the need for better and more efficient power
generation systems have accelerated development of gas turbines for the past two
decades. Increasingly stringent emission requirements have motivated research focusing
on reducing pollutants such as NOx and CO that are produced during the combustion
process. Although, a number of techniques have been conceived and tested to achieve
these goals, burning a lean premixed charge of fuel and oxidizer in a swirl stabilized
flame has proved to most effectively reduce both NOx and CO emissions [2]. This
general philosophy has been adopted in many industrial gas turbines [1] and is currently
an active area of combustion research both within industry and academia. These flames
are rather compact and have a large volumetric heat release rate. The excess air reduces
the temperatures of the products of combustion below the threshold value that is required
for production of thermal NOx. To increase efficiency and further lower the pollutant
levels, these flames were pushed to their lean blow out limits by increasing the
temperature of the incoming reactants. With respect to reducing greenhouse gas
production (CO2), improvements are achieved primarily by increased thermal efficiency.
1

In a gas turbine engine the working fluid (air) is compressed in an axial flow
compressor, and then mixed with fuel. The air/fuel mixture burns (combusts) and the
high pressure gas drives a turbine. Part of the output power from the turbine drives the
compressor, and in the case of a power turbine, the rest of the output power is converted
into electrical power through a gas turbine driving generator; in the case of an airplane
engine, the rest of the power is converted into thrust.
The combustor in gas turbine engines is the device that is used to burn the fuel
with the oxidizer (usually air) to convert the chemical energy in the fuel into thermal
energy, producing high temperature gases that are used to drive the gas turbine. The
combustor has only a secondary effect on the efficiency of gas turbine engine via the
combustion efficiency. If the combustion efficiency is not 100%, then some of the
potential chemical energy release is not achieved, the gas temperature will be lower, and
the turbine will extract less power. The combustion process has a dominant infect on
pollution control. NOx formation is a function of flame temperature which is controlled
on a macroscopic level by the air/fuel ratio, and on a microscopic or local level by the
degree of uniformity of mixing of the air and fuel during burning.
There are three main types of combustion chambers in use for gas turbine
engines. These are the multiple chambers, the can-annular chamber and the annular
chamber [1]. For the multiple chambers style (Figure 1.1a), the chambers are distributed
radially around the engine and compressor delivery air is directed by ducts into the
individual chambers. Each chamber has an inner flame tube around which there is an air
casing. The separate flame tubes are all interconnected. This allows each tube to operate
at the same pressure and also allows combustion to propagate around the flame tubes
during engine starting.
The can-annular combustion chamber (Figure 1.1b) was an evolutionary product
2

between multiple and annular types. A number of flame tubes are installed inside a
common air casing. This arrangement combines the ease of overhaul and testing of the
multiple systems with the compactness of the annular system.
This annular chamber (Figure 1.1c) consists of a single flame tube, completely
annular in form, which is contained in an inner and outer casing. The main advantage of
the annular combustion chamber is that for the same power output, the length of the
chamber is only 75 per cent of a can-annular system of the same diameter, resulting in a
considerable savings in weight and cost. Another advantage is the elimination of
combustion propagation problems from chamber to chamber.
A lot of work has been done by researchers to improve the combustor
performance in the gas turbine. Most of this work has focused on optimizing the mixing
of air and fuel, flow field in the combustion chamber, and decreasing combustion
instability.

1.2 Motivation
The power generation industry is faced with increasingly stringent emissions
requirements for ozone precursors, such as nitrogen oxides and carbon monoxide. To
achieve lower pollutant emissions, gas turbine manufacturers have adopted lean premixed
(LP) combustion as a standard technique, particularly for natural gas applications.

LP

combustion achieves low levels of pollutant emissions without additional hardware for
steam injection or selective catalytic reduction. By premixing the fuel and air well,
localized regions of near stoichiometric fuel-air mixtures are avoided and a subsequent
reduction in thermal NOx can be realized (Lyons, 1982) [2].
Most fuel-air mixers are based on “single” point injection, where the fuel is shot
into a swirling air stream from a “single” injection point (which in fact is a close-packed
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array of injection holes). An example is shown in Figure 1.2. For this premixer, there are
eight injection holes equally spaced circumferentially along the center body. Also, there
is pilot injection hole on the center line. The fuel mixes with the oncoming cross flow air
stream.

(a)

(b)

(c)
Figure 1.1 (a) Multiple chamber (b) Can-annular chamber (c) Annular chamber

4

Figure 1.2 The fuel injection scheme [3]
In this thesis, a new multi-point injection premixer was conceived, designed,
built, and tested. Relative to “single-point” fuel injection, multi-point fuel injection
offers numerous advantages, such as significantly shorter mixing length and time scales.
These smaller mixing scales can result in shorter premixing lengths and a significantly
lower possibility for flashback and autoignition. The possibility of flashback is
significantly decreased by the very short premixing length. In addition, the much smaller
premixer offers the potential to decrease the size and weight of the combustor, which is
especially important on aircraft engines.

1.3 Research Objective
A micro air-fuel premixer for gas turbine engines that utilizes micro
manufacturing approaches developed at LSU and being commercialized by Mezzo
Technologies will be designed and evaluated at different burning conditions. It offers the
potential to provide improved performance compared with conventional premixing
concepts. These potential advantages include the ability to maintain steady combustion
over a wider range of equivalence ratio (leaner burning), reduction of NOx, and reduced
volume, weight, and cost. The reduction in size and weight plays a very important role in
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aircraft engines, while the reduction of NOx is particularly important in land-based power
facilities. To evaluate the new premixer concept, the following tasks were completed:
1.

A simplified numerical model was built to predict, qualitatively, the performance

of the premixer as a function of important parameters such as momentum ratio of fuel/air,
injection hole size and mixing length. This numerical model, in conjunction with
literature results describing jets in counterflow, provides the basis for expecting that the
premixer should provide fast, efficient mixing.
2.

The micro injection premixer was designed and fabricated. An apparatus to test

the injection premixer was also fabricated.
3.

Fundamental experiments were completed to quantify the pressure drop of fuel

through the premixer as functions of flow rate. In addition, experiments were completed
to characterize the velocity profiles for all jet holes on one injection plate, and to define
the difference of velocity and turbulence intensity for the cases w/o counter injection
through the injection premixer.
4.

With the premixer installed in a combustor, experiment data was obtained for the

combustor that indirectly evaluated the performance of the premixer. Data included
pressure oscillations, heat release rate, NOx concentration and the equivalence ratio at
lean blow out (LBO).
5. These experimental results were compared to results in the same combustor where the
air and fuel were premixed far upstream of the combustion region.
In summary, it is the goal of this work to determine if the new micro injection
premixer provides performance that might be attractive to the gas turbine industry by
providing lower NOx emission, and improved combustion stability at low fuel-air ratios.

6

CHAPTER 2 LITERATURE REVIEW
This chapter will give some review concepts related to air-fuel mixing, and
provide an overview of experimental methods used to quantify the mixing and
combustion processes.

2.1

Mixing
Improving the mixing of fuel and air can reduce NOx emissions, increase

combustor efficiency, decrease combustor size, reduce combustion instabilities and
increase the lifetime of engines [4]. For these reasons, numerous research studies focus
on fuel-air mixing. Generally there are two kinds of methods to improve the mixing of
fuel and air: passive method and active methods. Passive methods rely on structures
placed in the flow stream that generate swirl, and turbulence, both at large scale and
small scale. Examples include premixers, swirl vanes, dump planes, venturi tubes, etc.
that create regions of high shear and flow instability.

Active methods actively control

the flow of fuel and air to achieve better mixing. Passive methods are simple and function
effectively when the system is operating in normal conditions, but provide poor
performance in fast transient and off-design situations. Active methods provide the most
stable combustion performance at off- design operating conditions, but are more
complex.

2.1.1

Passive Mixing Methods
A premixer is an important component of combustors that functions by bringing

the fuel (reactant) into the molecular proximity with the air (oxidant). The molecular
scale mixing is very important for combustion since the chemical reaction of combustion
is able to proceed only if the molecules of fuel and oxidizer interact directly. There are
7

several important factors that play big roles in the mixing performance of a premixer [5].
These include residence time, turbulence energy dissipation rate, and fuel feed and
location.
Residence time is the period of time starting when two species first come into
contact and ending when the chemical reaction begins.

With a longer residence time,

better mixing will be achieved by the premixer.
Turbulence energy dissipation rate, ε, is another importance characteristic of the
premixer. The higher the turbulence and shear between the fuel and air streams, the more
quickly the fuel and air mix and the more rapid and complete the combustion reaction.
The intimate mixing of two or more dissimilar fluid streams under flowing conditions
occurs in a turbulent shear zone defined by the intersection of the streams. This region
can be described as the dynamic interaction of each stream’s mass and velocity, or
momentum. This surface of interaction will vary in its turbulence in proportion to the
magnitude of the shear forces along the micro scale zone of contact.
Feed location also has a large effect on the rate of mixing of different species.
Generally, mixing is more efficiently achieved by locating a feed pipe in a region where
the turbulence level is high.
It is generally accepted that the higher level of mixing, the more intense and more
complete the combustion. Based on the mixing mechanism, premixers can be divided into
three kinds: entrainment mixing premixer, mechanical premixer and injection mixing
premixers.
2.1.1.1 Entrainment Mixing
Entrainment is a phenomenon using a stream with high velocity (normally fuel) to
induce another flow of gas (i.e. ambient air). As the velocity of the fuel is dissipated, the
velocity of air stream must increase to satisfy the conservation of momentum. A gas-jet
8

venturi premixer (inspirator) (Figure 2.1) [6] is a typical application of the entrainment. It
utilizes the kinetic energy in the gas to induce primary air in proportion to the gas flow.
This is the only type of premixer with which no air blower or compressor is required.
This kind of premixer is mainly used in the atmosphere burners on most domestic gas
burning appliances. The mixing process is simple, but not particularly effective.
Industrial applications that require the associated benefits of better mixing (faster and
more complete combustion) seldom use entrainment mixing.

Figure 2.1 Gas-jet premixer (inspirator) [8]
2.1.1.2 Mechanical Premixers
Mechanical premixers inject the fuel directly into the inlet of a steady flow device
such as a compressor, blower or a fan. Moving mechanical parts (vanes or blades) stir the
fuel-air mixture.

This kind of mixer is susceptible to flashback.

Flashback in a

mechanical pre mixer is disastrous because the mixing apparatus is destroyed when the
combustible mixture inside ignites.
2.1.1.3 Injection Mixing
Injection mixers mix a high velocity fuel supply (gas or liquid) into an air stream.
Injection mixers are differentiated by the relative directions of the fuel and air streams (i.
e. co-flow injection, cross flow injection, and, counter flow (this thesis focuses on a new
counter flow concept)). In all cases, mixing is achieved with a highly turbulence shear
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layer between the fuel and air streams. The air and gas do not mix until the gas leaves the
injection hole. The Broadwell-Briedenthal [7] model is proposed for solving molecular
mixing and chemical reaction in such flows at high Reynolds number.

Several

investigations that did measure the jet mixing found experiment results consistent with
the model [8] [9] [10]. Coaxial jet flow studies have found that momentum ratio, area
ratio and absolute velocity are the dominant variables affecting the mixing in the shear
layer [11] [12] [13]. For all the injection premixers, the main goal is to obtain uniform
mixing of the fuel and air by optimizing the momentum ratio of the air and fuel stream, as
well as the overall geometry and location of the injection holes within the premixer.
When the fuel is injected parallel and in the same direction as the air (co-flow
configuration), the air and fuel interact with each other within a thin shear layer
separating the two gas streams. Highly turbulent flow increases the area and intensity of
the shear layers and promotes mixing. In turn, turbulent flow is a function of the
momentum difference (Figure 2.2) between the fluids. At high differences in velocity
between the two fluids, the interface of these streams becomes a turbulent region in
which the components of the two streams become intermixed. When the momentum
differentials are small, the relative thickness of the interface is small in comparison with
the total cross-section, and the rate of mixing is reduced.
For the case of cross flow injection, which is widely used in combustors [14], the
fuel is injected normal to the air stream. The shear energy generated between the two
flowing streams is greater than that in the co-flow configuration. The angle of
intersection of streams, the relative differential velocity of the streams, and the mass
densities of streams are all factors that influence the rate of mixing between the two
streams [15]. Doerr etc. gave a detailed discussion of cross flow injection mixing using
the device shown in Figure2.3 [16]. The paper draws the conclusion that for the case of
10

non-reacting, multiple jet-in-crossflow mixing, the mixing efficiency strongly depends on
momentum flux ratio of the streams.

Figure 2.2 Co-flow injection mixing illustration

Figure 2.3 Schematic of multiple jet mixing [16]
For counter flow injection mixing, the fuel is injected in a direction opposite the
oncoming air stream as shown in Figure 2.4. This flow orientation is the most difficult
to actually achieve with physical hardware compared to co-flow and cross flow injection
and very few references truly address the pure counterflow case. Sekunkov focused on
the penetration distance of a round jet into an opposing flow stream [17]. The
experimental work done by Lam & Chan gave the instantaneous concentration field of
the penetrating stream, penetration distance for one single counter-flow round jet [18].
The counter flow enhances the spreading of the jet, which is helpful for mixing [19]. For
given air and fuel velocities, the relative velocity is greatest for the counterflow case.
11

Also, the momentum change of the fuel is the greatest, and the turbulence strength is the
strongest.

Figure 2.4 Mean velocity vectors and contour of zero mean axial velocity [19]

2.1.2 Active Mixing Enhancement
In addition to the passive methods described in the last session, active mixing
techniques have also been developed. Secondary jets have been used to provide the
desired spatial and temporal control on the fuel or air flow. Fuel has been injected at a
constant frequency through circumferential holes parallel to the main air jet at the exit
plane to enhance the mixing of fuel and air. The result was improved mixing as indicated
by soot reduction and increased energy release [20].
Acoustic forcing is another method that has been widely studied to enhance
mixing, primarily by enhancing turbulence intensity [21]. Acoustic forcing strengthens
the interactions between the jet streams and air in shear layers. The shape of jets and the
velocity distribution in the annular flow are also changed as a result of acoustic input. All
these provide substantial enhancement of the mixing process [22].
Synthetic jet actuators are used to actively control the mixture distribution by
sucking in all the gases from all the directions and ejecting the gases in a directed jet of

12

much higher velocity. The net mass-flux momentum-transfer of synthetic jet actuators is
zero. The actuator is a cavity with an opening and a movable wall such as a vibrating
membrane or piston. The moving frequency of the wall can be controlled electronically
[23] [24] [25]. One manifestation of this concept utilized a pair of actuators installed at
the jet nozzle exit, to blow and suck in the fluid in the shear layer. The action is based on
the feedback signal from a sensor. The sensor takes the pressure difference signal across
the nozzle diameter locating at the downstream with a time delay. A closed-loop control
law is developed to continuously monitor the jet flow parameters and update the actuator
on-line so that the mixing quality can be improved [26].

2.2 Mixing Measurement Techniques
Measurement of the degree or “quality” of a mixing process is very important
numerous fields of study such as fluid dynamics, combustion and chemical reactions. In
general, there are two kinds of measurement techniques: intrusive techniques and nonintrusive techniques. The intrusive mixing measurement technique mainly involves
placing a probe in a fluid at a target location to collect a gas sample. The biggest
disadvantage for this technique is that the probe will disturb the flow and change the
mixing process. Furthermore, there is a time delay between measurement and the actual
mixing process [27]. The non-intrusive techniques primarily use optical techniques to
provide non-intrusive and instantaneous measurements used to quantify the degree of
mixing.

Therefore, non intrusive techniques are widely used for turbulence mixing

research and combustion research. Methods which will be described include planar laser
induced fluorescence, absorption spectroscopy, Raman scattering and Rayleigh
scattering.

2.2.1 Tracer PLIF
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Laser induced fluorescence (LIF) is a widely used, well-known spectroscopic
technique for studying the selective species distribution, temperature distribution, and
flow visualization within a gas stream. The LIF signal is produced by exciting a tracer
material with laser light. When the laser source is a laser sheet, this technique is called
Planar Laser Induced Fluorescence (PLIF). The fluorescence time of the tracer can vary
from a few nanoseconds to microseconds depending on the tracer and the width of the
laser pulse. A short fluorescence time allows the visualization of high speed flows and
combustion processes. The fluorescence signal intensity mainly depends on the laser
pulse energy and the concentration of the species. To measure mixing, several simple
fluorescent tracer molecules have been used in gas flows, including iodine, nitric oxide,
acetone, biacetyl, hexafluoroacetone, etc.

Tracers that are good candidates for

spectroscopy absorb the energy from the available laser source and emit a well-defined,
easily detected wavelength. Acetone and nitric oxide are two such tracers that are widely
used tracers in fluid dynamics and combustion research.
2.2.1.1 Acetone PLIF
Acetone is the most widely used tracer in PLIF measurements. Its vapor
luminescence has been studied for many years [28] [29] [30] [31], especially, the
fluorescence [32] [33] [34] [35]. Lozano etc. gave the details of applying acetone as a
tracer for concentration measurements in gaseous flows by PLIF [36]. Acetone has a
fairly high vapor pressure (180 torr at room temperature (20°C)) corresponding to about
30% mole fraction in air. The excitation wavelength for acetone is within a broadband
from 225 to 320nm with a maximum between 270 to 280nm. The fluorescence signal is
within the blue broadband, from 350 to 550 nm with the peak value at 445nm and 480nm
and a short life time less than 4ns. Acetone is non toxic and is inexpensive. If the laser
energy emitted is constant, the fluorescence intensity is proportional to the concentration
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of the acetone. Without oxygen, the integrated phosphorescence emission is stronger than
the fluorescence emission. Also, the lifetime of phosphorescence is much longer, about
200µs. Because the acetone fluorescence is so short-lived (about 4ns), it is not
significantly quenched by oxygen unlike many other fluorescing molecules. However,
due to the long lifetime, acetone phosphorescence is strongly quenched by oxygen,
leaving just a strong fluorescence signal. Depending upon the presence or absence of
oxygen, flow measurements can be made using either or both the fluorescence and
phosphorescence signals associated with acetone.
For non-reacting flows, acetone PLIF is used to make scalar measurements in
mixing layers [37] and turbulent density-stratified flows [38]. Combined with the
phosphorescence signal, the acetone PLIF also is used take quantitative measurements of
molecular mixing in gaseous flows [39] [40]. Some researchers have combined the NOPLIF with the acetone PLIF to get instantaneous, quantitative measurements of molecular
mixing in axisymmetric, near field jets [41], and vortex interaction and mixing in a driven
gaseous axisymmetric jet [42]. With the improved understanding of the temperature and
excitation wavelength dependencies of acetone fluorescence [43] [44] [45] [46], acetone
PLIF has been used to obtain quantitative imaging of temperature fields within gas
streams using single or dual-wavelengths. The single wavelength temperature imaging
technique has been demonstrated suitable for flows with uniform acetone distribution;
while the dual wavelength technique is used for the case where acetone seeding varies
across a flow-field (in case of mixing or chemical reaction) (47). By using dualwavelength excitation acetone PLIF, the mole fraction and temperature structure for a
heated turbulence jet, has been simultaneously measured. The images are captured by an
interline transfer CCD camera capable of acquiring two frames with a separation in time
of as little as 500 ns [48].
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For the case of reacting flow, acetone PLIF is extensively used to detect the fuel
distribution in the combustion chamber. Combined with OH PLIF, it is used to visualize
the reaction zone in premixed flames. The visualization is the sum of signals associated
with acetone fluorescence from the unburned zone of fuel and OH fluorescence from the
burned zone [49].
2.2.1.2 NO PLIF
Nitric oxide is another tracer widely studied in PLIF measurement, especially in
the area of combustion research. Its spectroscopy has been well characterized, making it
possible to quantify a variety of flow-field variables [50] [51] [52]. Seeding is easy to
perform since NO is gaseous at room temperature. Furthermore, it can be seeded in high
concentration to greatly improve the signal-to-noise ratio (SNR). NO has good thermal
stability and low reactivity at room temperature. NO also provides relatively large
fluorescence cross sections and emits strong non-resonant fluorescence signals. All these
properties of NO make it a good tracer for fluid dynamics experimental research.
Unfortunately, NO is extremely toxic, leading many researchers to choose acetone as the
tracer instead of NO.
Wolfgang etc. gave a good review of the NO PLIF diagnostics and the strategies
for exciting selected transitions in the A-X(0,0), (0,1), and (0,2) bands using a different
detection bandpass [53]. A-X(0,0) excitation at 224-227nm is used in the largest number
of NO PLIF measurement cases.

The use of the A-X(0,0) excitation signal is the

standard technique used to detect NO in flames, and it is the only technique used to
detect cold NO in flow-field diagnostics [54] [55]. The quenching rate of NO in oxygen
is about 2000 times faster than in pure nitrogen [56] [57]. Based on this property, G. F.
King [41] and T. R. Meyer [42] used NO PLIF to quantify the volume of the unmixed jet
gas in an axisymmetric jet flow. Combined together with the acetone PLIF, the mixing
16

distribution of jet fluid can be quantitatively acquired. In low-pressure supersonic flow
fields, the scalar mixing information is acquired through the NO PLIF. Single shot
images are obtained with broadband excitation of a reduced temperature sensitivity
transition in the A-X(0,0) band of NO near 226nm. Argon is used as the main flow gas
instead of air. Therefore, the quench rate of the excited NO is negligible and the
fluorescence signal is strong enough for the CCD camera to capture [58].

2.2.2 Absorption Spectroscopy
Absorption spectroscopy is an analytic tool used by chemists and physicists to
determine the concentration of a compound or a species. Light illuminates the material to
be analyzed. Each species and compound in the material absorbs particular wavelengths
of light, resulting in one or more dark lines on its spectrum. The dark lines are the
“fingerprints” identifying what substances are present and their quantities. The
absorbance is proportional to the path length and the concentration of the absorbing
species, which is stated clearly in Beer’s Law. A line- integrated signal is obtained to get
the concentration of a species in a sample. If multi-dimensional concentration distribution
is required, multiple crossed absorption paths need to be applied [59]. The absorption
techniques are simple and temporal, but lack spatial resolution since they average across
the path of sight.

2.2.3

Raman Scattering
When light is scattered from an atom or molecule, the predominant photons are

elastically scattered; the phenomenon is called Rayleigh scattering. The other photons
interact with the molecules in such a way that the energy is either gained or lost so that
the scattered photons shift in frequency, which is called Raman scattering or the Raman
Effect. Since the vibration information is very specific for the chemical bonds in
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molecules, Raman spectroscopy can be used as the fingerprints to identify specific
species, using a laser as the light source. Spontaneous Raman scattering is now used
extensively for gas concentration measurements [60] [61]. For example, it is used to
analyze the mass distribution of supercritical nitrogen in a free jet [62], and quantitatively
to visualize a supersonic wedge flow [63]. The main drawback of Raman scattering is
that low scattered light is not easy to capture. Therefore, it requires a high power laser
source, a highly selective filter, and a highly sensitive detector, usually a CCD camera (or
intensified CCD camera).

2.2.4 Rayleigh Scattering
From Wikipedia’s definition, Rayleigh scattering is “the scattering of light, or
other electromagnetic radiation, by particles much smaller than the wavelength of the
light”. It occurs when light travels in transparent solids and liquids, but is most
prominently seen in gases. It is a powerful diagnostic tool for the study of gases and is
particularly useful for aiding the understanding of complex flow fields and combustion
phenomena. The very small scattering cross section makes molecular Rayleigh scattering
particularly susceptible to background interference. So, Rayleigh scattering requires
higher incident laser power, a “clean” environment to eliminate scattering from the
particulates, and stray light suppression [64].
Rayleigh scattering has been developed to determine temporal and spatial
concentration distributions of certain gases or species. For Rayleigh scattering, the elastic
collisions between the gases and the incident laser beam scatter the light at the laser
wavelength. The intensity of the scattered light is directly proportional to the laser power,
the gas density, and the cross sections of the gases. Therefore, the fundamental criterion
which allows this technique to work is that the target gas must have much larger cross
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section than the other gases. Then, a small change of target gas mole fraction results in
large change in signal levels. In a turbulent jet, Rayleigh scattering has been successfully
used to measure the gas concentration distribution within the vicinity of and including the
jet [65] [66].

2.3 Combustion Terminology
2.3.1 Stoichiometric Mixture
A stoichiometric mixture is one where the ratios of the moles of the reactants are
such that if the reaction is complete, all the reactants are consumed completely. For the
case of stoichiometric combustion of fossil fuels, the amount of oxidant present in the
reaction is just enough to completely burn the fuel, with no remaining oxidant or fuel left.
All the hydrogen and carbon originally in the fuel appears in the product stream in the
form of CO2 and H2O. For example, assuming that air consists of 21% oxygen and 79%
nitrogen by volume, the equation for a stoichiometric reaction of an air-methane mixture
on a mole basis is: [67]
CH4 + 2(O2 + 79/21N2) ÆCO2 + 2H2O + 2(79/21) N2

2.3.2 Equivalence Ratio [67]
The fuel/oxidant ratio is one of the most important parameters for combustion
analysis and is normally reported in terms of a non dimensional variable called
equivalence ratio, φ, which is the actual fuel/oxidant ratio normalized by the
stoichiometric fuel/oxidant ratio:

φ=

( F / O )actual
( O / F )stoichiometric
=
( F / O )stoichiometric
( O / F )actual

F/O — mass or mole ratio of the fuel to the oxidant.
O/F — mass or mole ratio of the oxidant to the fuel.
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φ = 1.0 is defined as stoichiometric condition. φ < 1.0 is defined as the lean
condition where there is an excess of oxidant present in the mixture. Similarly, mixtures
with an excess of fuel are “rich”, φ > 1.0.

2.3.3 Classification of Flames [68]
Flames can be classified in various ways. Based upon how the fuel and oxidizer
reach the reaction front, there are diffusion flames and partially and fully premixed
flames. The flame also can be divided into turbulent and laminar flames according to the
flow characteristics of the incoming reactants. The main classification of flames will be
defined and discussed below. A diffusion flame may be defined as any flame in which the
fuel and oxidizer are initially separated (non-premixed). The fuel and oxidizer are present
on either side of the reaction zone. In such flames the reaction zone is established at a
location where the fuel and the oxidizer rates of delivery are in stoichemetric proportions.
Thereby the maximum possible flame temperature is reached for a given combination of
reactant species in the reaction zone.
In fully premixed flames, the fuel and the oxidizer are thoroughly mixed prior to
reaching the reaction zone, also known as the flame front, flame zone, or reaction wave.
In these flames, the position of the reaction zone is not defined by the diffusion of
reactants, but by balancing the local convective velocity of the reactants with the rate of
consumption of the reactants, known as the flame speed. Based on the stabilizing method,
fully premixed flames can be burned at a range of equivalence ratios within the
flammability limits.
In partially premixed flames, the fuel is injected into the oxidizer flow just
upstream of the flame. Under such conditions, there is not enough time for the fuel and
the oxidizer to mix thoroughly. In this situation, concentration gradients across the flow
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are generated in the reactant stream that enters the flame front. These flames are neither
purely non-premixed, nor are fully premixed, hence they are termed as partially
premixed. Such flames are characterized by their degree of unmixedness, which is a
measure of how much the concentration profiles (both a macro scale and micro scale) of
the flow deviate from a fully premixed case.

2.3.4 Flame Temperature
Another important combustion parameter is the flame temperature [69]. The
flame temperature is determined by the energy balance between the reactants, the
products and the surroundings at equilibrium. If the reaction zone is spatially very thin in
comparison to the rest of the domain of interest, then it is a common assumption to
denote the maximum temperature in the reaction zone to be the flame temperature. If the
combustion process takes place adiabatically, and with no work, or changes in the kinetic
or potential energy, then the flame temperature is referred to as the adiabatic flame
temperature. This is the maximum temperature that can be achieved for the given
reactants, because any heat transfer from the reaction zone and any incomplete
combustion would tend to lower the temperature of the products. Under certain
conditions, particularly at high temperatures, the combustion products are broken down
into combustibles and oxidants again. This phenomenon is called as dissociation, which
is simply reverse combustion. A simplified formula for theoretical adiabatic flame
temperature is [6]:
net heating value of the fuel - effect of dissociation
(weight of combustion products) × (specific heat of combustion products)
The actual flame temperature is lower than the theoretical flame temperature due
to heat transfer, incomplete combustion and work to the surroundings during the
combustion process. Experimental measurements of adiabatic flame temperature are very
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difficult and in most cases a calculated value is more reliable than the experimental
measurements [70]. For most hydrocarbons fuels, the maximum adiabatic flame
temperature occurs slightly above stoichiometric conditions because the mixing of the
fuel and the oxidant is not perfectly uniform.
According to “Laminar flame theory”, the flame temperature has a substantial
effect on the flame speed [68]. It is widely perceived that flame temperature essentially
determines the flame speed and significantly influences the formations of the products of
combustion. Also, the concentration of oxides of nitrogen (NOx) and CO, pollutants of
great concern, are very much dependent on flame temperature. More detailed information
on the effect of flame temperature on the production of pollutants is described in [67]
[69].

2.3.5 Flame Speed
The flame speed is defined as the velocity of unburned reactant mixture through
the flame zone in the direction normal to the reaction zone surface [69]. As stated
previously, the flame speed is essentially determined by the flame temperature. The
maximum value of flame speed for several common fuels is listed in table 1.1[6]. Several
methods currently used to experimentally determine flame speed are discussed in
Principles of Combustion by K.K. Kuo[69] and Combustion by I. Glassman[68]. These
methods can be quite complex and accurate experimental values are difficult to obtain.

2.3.6 Flashback and Blowout [6]
In premixed flames, there are situations when the supply velocity of the reactants,
just prior to the flame front is insufficient to oppose the flame speed. Under such
conditions, the flame propagates upstream into the incoming reactants. This is known as
flashback. On the other extreme, under the conditions where the local supply velocity of
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the reactants is greater than the flame speed, the flame moves downstream to extinction.
This phenomenon is termed as blow out. Both of these phenomena are very undesirable
in gas turbine engines.

2.3.7 Chemiluminescence
Chemiluminescence is defined as the radiation emitted by an excited molecule
that enables the molecule to return to ground state. Every radiating molecule emits energy
at a characteristic wavelength, which depends upon the structure of the molecule and the
transition process that the molecule undergoes [71]. This phenomenon is well explained
using the laws of quantum mechanics, and its basics are discussed as follows:
A radiating gas can be composed of molecules, atoms, ions and free electrons.
These particles can have various energy levels associated with them. Radiative emission
is the release of photons of energy, and absorption is the capture of photons by a particle.
Whenever a photon is emitted or absorbed, the energy of the emitting and absorbing
particle is correspondingly decreased or increased. The magnitude of energy transition is
related to the frequency of the emitted or absorbed radiation. The energy of the photon is
∇E=hν, where h is Plank’s constant and ν is the frequency of the photon energy. The
wavelength of the radiation is a characteristic of the particular molecule and the particular
transition that occurs. The more complex the molecule, the more complex the
characteristic radiation spectrum observed. For some simple molecules or radicals, the
radiation spectrum has one major peak and few weak secondary peaks. For complicated
molecules, the radiation spectrums observed appears continuous.
In the combustion research, flame chemiluminescence is the chemiluminescence
emitted by the flame. The intensity of radiation from the observed flame at a particular
wavelength is proportional to the concentration of the associated excited molecules or
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radicals. Therefore, a measurement of the radiation can be directly related to the
concentration of the excited molecule species. The radiation emitted from the excited
molecules has two components: the radiation associated with thermal equilibrium and the
radiation associated with the chemical reaction. The concentration of excited molecules
from a chemical reaction exceeds that from the case of thermal equilibrium without
chemical reaction by several orders of magnitude [72]. So the radiation intensity is
proportional to the concentration of chemical reactions, which make it possible to
quantify the distributions of chemical reactions and the heat release rate through the
chemiluminescence signal. OH*, CH*, and C2* are examples of molecules exhibiting a
simple spectrum with major peaks at 308nm, 431nm, and 513nm respectively [73]. Since
the CH chemiluminescence light is in the range of visible light, it is widely used to
monitor the heat release rate for combustor.
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Table 2.1 Combustion characteristics of fuels* [6]
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CHAPTER 3 THE PREMIXER DESIGN AND
FABRICATION
In the last chapter, several mixing mechanisms were discussed to mix fuel and air,
which include entrainment, injection and mechanical mixing. For all these different kinds
of mixing, the final goal is the same: to achieve a molecularly homogeneous mixture of
fuel and air, preferably via a design that is compact, inexpensive, dependable, and not
requiring a large pressure drop of the fluids. Among these methods, injection mixing,
combined with mechanical flow structures such as swirl vanes, is the most widely
approach in industry. Methods of further improving the injection mixing are listed below:
•

Increase the strength of the turbulence intensity for both streams.

•

Increase the interaction time (the time from which the fuel is injected to the time
when the fuel combusts). It should be noted that another goal of a good mixing
design is reduced size. An increased interaction time typically is associated with
a larger, less compact mixer.

•

Decrease the scale of the mixing. For example, mixing is achieved more easily if
the fuel is injected in a distributed fashion throughout the air stream than if it is
injected from one central location since distributed mixing reduces the distance
(scale) over which mixing needs to occur.

3.1 Design Concept
A new multi-point premixer concept has been developed that utilizes all of these
concepts, resulting in a premixer that is designed to thoroughly mix air and fuel in an
extremely short flow length (compact size) with virtually no pressure drop. The new
premixer idea is from the micro heat exchanger fabricated at LSU [74], developed and
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commercialized by Mezzo Technologies. The first-version of the micro heat exchanger
was described in the dissertation of Chad Harris [74]. More recent versions are currently
being fabricated by Mezzo Technologies [75] are shown in Figure 3.1a-d. The overall
dimensions of the panel shown in 3.1(a) are: width= 10 cm, length = 15 cm, thickness = 3
mm. A bank of 9200 circular tubes connects the front and back faces of the panel. The
inner diameter and wall thickness are, respectively, 0.6 mm and 0.06 mm. The tubes are
spaced in a staggered array with transverse spacing of 1.1 mm and longitudinal spacing
of 0.9 mm. One fluid flows in a direction perpendicular to the plane of the panel through
the inside of the tubes while the second fluid flows within the plane of the panel over the
outer surface of the tube bank. 3.2(a) to (c) show progressively magnified views of the
panel. 3.2(d) provides a view of the internal passages which can be seen after one face of
the heat exchanger is removed using an electrical discharge machine (EDM).
Mezzo Technologies later developed a derivative of this heat exchanger to
provide the capability to remove heat very effectively from surfaces with high heat flux
(such as high power electronics, laser diode arrays, etc.). This product was developed to
meet the ever-increasing thermal load of electronic devices has reached such a level that,
are beyond conventional liquid cooling schemes. For example, RF devices based on wide
band gap semiconductors are projected to have thermal loads in the range of 1000
W/cm2, with an allowable coolant-target temperature difference of 10-30°C. The device
uses an array of impinging microjets, with diameters on the order of a few hundred
micrometers, to cool a surface. Each micro jet establishes over a very small area a region
of high heat transfer normally associated with impinging jets. Mezzo’s design, the Micro
Jet Cooling Array (MJCA), differs from a standard array of impinging jets in important
ways. In a standard array configuration where a large number of jets impinge on the
target, the coolant is collected at the periphery of the target. The performance of this
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design will be poor for two important reasons: First, each jet is influenced by cross flow
of the coolant from the neighboring jets. This cross flow can wash out the impingement
effect of jets not at the center of the target. Second, if the exhaust flow is collected at the
periphery of the target, a substantial pressure drop may exist between the center of the
target and its periphery. This could then result in significant variation in jet velocity
across the array, with most of the flow occurring through the jets at the periphery of the
impinging jet array.

(a)

(b)

0.6 mm

(c)

(d)

Figure 3.1 Micro tube panel; (a) 10 cm x 15 cm x 3 mm thick panel with hole array;
(b) Magnified view; (c) Hole geometry; (d) SEM of internal passages within panel. [75]
The MJCA is a 3-dimensional micro-machined structure that provides an array of
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microjet channels and a fluid removal system that effectively isolates neighboring jets
from the deleterious effect of jet-to-jet cross-flow.

A schematic of the underlying

principle and photographs of MJCA are shown in Figure 3.2. The MJCA has a honeycomb structure identical in concept to the cross flow heat exchanger shown in Figure 3.1,
with a typical thickness of a few millimeters and lateral lengths of the order of
centimeters. The honey-comb’s small-diameter channels act as the microjet nozzle array.
The coolant flows through the nozzle array and impinges on the target as an array of high
velocity submerged jets. The coolant is then locally exhausted, through a number of
ports surrounding each microjet nozzle. These return holes represent the only substantive
difference between the MJCA and the cross flow heat exchanger shown in Figure 3.1.
The exhausted coolant flows within the hollow honey-comb structure towards the
periphery of the MJCA where it is collected and removed. The localized exhausting of
each microjet greatly reduces cross-flow between neighboring jets.

Thus, the

performance of a single submerged microjet can be replicated over a very large area.
The micro injection premixer which is described in this thesis is virtually identical in
form to the MJCA. The gaseous fuel is fed into the premixer through the in-plane
channels of the panel. Holes on one side of the panel provide the means by which the
fuel escapes from within the panel, forming a distributed array of micro jets. Air flows in
a direction perpendicular to the plane of the panel through the array of holes in the panel.
Depending upon direction of the array of fuel jets, the fuel is mixed with the air in either
a distributed co-flow or counter-flow configuration. The counter-flow configuration is
shown in Figure 3.3.
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(a)

(b)

(c)
(d)
Figure 3.2 (a) Schematic of the MJCA concept. (b) Side view of the fabricated
MJCA. The conduit connecting top and lower surface are the jet inflow conduits. The
holes in the lower surface are the exhaust ports, (c) Bottom view of the MJCA with the
jet impingement holes (large holes) surrounded by the exhaust ports (small holes), (d) A
fabricated 1x1 sq. cm MJCA. [76]
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Air

Fuel
Fuel + Air

Figure 3.3 Illustration of mixing of the premixer
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The counter-flow orientation would be expected to provide the most potential and
is discussed, qualitatively, as follows: before the air stream reaches the panel, it first
collides and mixes with the array of high velocity counter-flow micro fuel streams, which
are distributed uniformly across the face of the premixer panel. The mass flow rate of air
is much higher than the fuel flow rate in a combustor. The overall momentum of the air
stream is much higher than that of the fuel stream, but the velocity of the fuel may be
greater than the velocity of the air (the specific momentum of the fuel can be greater than
that of the air). The fuel penetration distance into the air stream is a function of the
densities of both the air and fuel, the velocity of both the air and fuel, and the diameter of
the jet. The fuel (now mixed with air) reverses direction and passes through the plane of
the pre-mixer into the combustion chamber. So, to first order, the mixing length is twice
the fuel penetration length plus the distance from the injection panel to the plane where
stable combustion occurs (the dump plane). During this process, between every micro
fuel stream and air stream, there is a turbulence layer where the fuel and air molecules are
mixed through convection and turbulence diffusion. Uniform mixing at the exit plane
from the premixer will be expected if the following order of magnitude scaling law is
satisfied:
Let Rj be the characteristic radius defining the width of a plume of fuel emitted
from a jet passing back through the plane of the premixer. The definition of the width is
somewhat arbitrary, i.e. the radius at which the concentration is 10% of the maximum
value concentration. If Rj is greater than the spacing distance between neighboring jets,
Sj, then the plumes from neighboring jets will interact/overlap, and the air-fuel mixture
will be relatively uniformly mixed.

This design concept is used to guide the design of

the premixer: If the geometry and position of the turbulence layer can be defined for
certain air flow velocity and fuel flow velocity, then the transverse distance between two
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injection holes must be specified to make sure that neighboring fuel plumes will
substantially overlap each other at the plane of the premixer. The concept is illustrated
in Figure 3.4.

Figure 3.4 Illustration of fuel plumes overlapping

3.2 Fabrication Process
In Harris’s dissertation [74], a fabrication method was described. The steps are
listed below:
•

A nickel mold tool is made by using the LIGA technique.

•

PMMA lost mandrels were made by embossing.

•

A 70 microns nickel coating is deposited on the surface of the plastic mold by an
electroless plating method.

•

Finally, the PMMA mandrel is dissolved in (after removing the two ends of the
plated mold to get the PMMA exposed to Acetone).
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An updated procedure is currently under development at Mezzo technologies that
offers greatly improved commercial potential in terms of mass production, but essentially
results in a product very similar to Harris’ original work. First, an electrically conductive
mandrel is produced (Figure 3.5 a). Then, the electrically conductive mandrel is
electroplated with about 100 microns nickel (Figure 3.5b). The mandrel is then
completely dissolved in a dissolving solution to form internal channel passages (Figure
3.5c). Then using the micro drilling bits, the injection holes can be drilled in the heat
exchanger (Figure 3.5d). The electroplating step, which is the most crucial component of
the process, is described in the next section.
Nickel Electroplating
The nickel electroplating system consists of a nickel sulfamate bath, heating
system, stirring equipment, a potentiostat and an electroplating jig with a cathode
connector and two nickel anodes.
The nickel sulfamate solution includes nickel sulfamate, boric acid, and the
eliminate pit. The details of the solution are listed in the Table 3.1. The nickel sulfamate
provides the nickel ions in the solution to make the solution electrically conductive. The
boric acid can provide PH buffering for the solution. And the eliminate pit provides high
wetting action for prevention of pitting due to the hydrogen gas generated during the
electroplating.
The Figure 3.6 shows the details of the equipments. The heating system, provided
by Process Technology, combines the heating, temperature control, and level monitor
together. The heater is specially designed to heat open-top process tanks containing
aqueous electroplating chemistry. Temperature control can maintain the bath to its set
temperature and be able to prevent an overheat hazard with sensor detection for failed
temperature sensors. With the level detection, the heater can be shut off automatically if
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the solution level falls below the set value to protect the heater and prevent an overheat
hazard. A powerful small pump from Flo King is used to stir the solution, which can
pump and circulate the solution at 650 gallons per hour.

a

b

c

d

Figure 3.5 The illustration of the fabrication process (a), (b), (c), (d)
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Table 3.1 Nickel sulfamate bath compositions
Components
based on 1000ml solution
Nickel sulfamate (50% aqueous solution)

579ml

Boric acid

42g

Eliminate pit

4ml

DI water

Add to 1000ml

The heating system controller

The potentiostat

The pump for stirring

The nickel sulfamate bath

Figure 3.6 The electroplating system
A special electroplating jig has been designed by the Mezzo Technologies to
electroplate a uniform nickel coating on the surface of conductive mandrel plate. The
cathode is placed between two anodes. There are two pumps pumping the filtered
solution into the jig from both sides, flowing through the cathode, and then flowing out.
Before electroplating, the conductive mandrel plate needs to be cleaned completely.
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Normally the following procedures are followed.
1. Ultrasonic clean in Acetone
2. Immerse the mandrels in an alkaline bath
3. Etch in 30% nitric acid
Then, the conductive mandrel is placed in the electroplating jig. The
electroplating current density used is between 5mA/cm2 and 10 mA/cm2. The total
current can be calculated by multiplying the electroplating area by the electroplating
current density. Next, the conductive mandrel is connected to the negative pole of the
potentiostat and the nickel anodes are connected to the positive pole of the potentiostat.
The current of the potentiostat is set on the calculated value. The temperature of the
solution is maintained at 58°C and the PH is maintained at a value of 4. From Faraday’s
Law, the electroplating rate can be calculated by using the current density. Therefore, if
the current density and the thickness required to be electroplated are given, the
electroplating time can be calculated.
Fabrication of the Premixer
Another important part of the process is producing the array of micro jet holes.
After the internal mandrel is dissolved, the jet holes are drilled by using a CNC milling
machine. The diameter of injection holes range from one hundred micron size to several
hundred microns. Next, two connectors are welded to the open ends of the premixer
plate, with the fuel inlet located at the middle of the connectors. The connectors make it
easy to connect the fuel line to the premixer. The leakage of the premixer is checked
using a soap solution. Air is fed into the premixer plate covered with soap solution over
areas that do not have injection holes. If there are no bubbles produced in these areas, it
means that the premixer has no undesired leakage. The injection holes are checked under
the microscope to make sure they are fully open. After checking the leakage and jet hole
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open area, the micro injection premixer is ready to be tested.

3.3 Numerical Calculation
The goal of the following numerical simulation is to predict flow characteristics
of a single jet in counter-flow. From this model, a qualitative prediction is obtained of
the behavior of an array of micro fuel injection fuel streams in counter-flow with an air
stream. If the geometry and position of the turbulence layer can be defined for certain air
flow velocity and fuel flow velocity combinations, the appropriate transverse distance
between two injection holes to achieve a uniform mixing at the exit of the premixer can
be estimated. The numerical model will be used to calculate the concentration
distribution of fuel spatially upstream of the premixer, and most importantly at the plane
of the premixer. It is very difficult to build a perfect model completely consistent with the
actual conditions, which can cause the calculated results to deviate from the actual
values. But the simulation method does provide a rough theoretic basis for designing the
premixer. Furthermore, it can reduce the cost of the experiments and offers flexibility
with respect to quickly understanding, qualitatively, the affects and relative importance of
a number of experimental parameters. Therefore, numerical model is used in this project
to predict the efficiency of the mixer. This information will be used for future micro
injection premixer design.
As stated in last section, this multi-point micro injection premixer injects
distributed fuel streams in an array of counter-flow jets that mix with the oncoming air
stream. Understanding the behavior of a single jet in counter-flow is considered a
building block upon which understanding the performance of the premixer is based.

3.3.1 Model Description
Knowing the range of actual geometries that will be used in the experiment, an
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axisymmetric model was used to simulate the mixing between a single counter-flow jet
streamwith an oncoming air stream, shown in Figure 3.7. The fuel (propane) is ejected
out from a round jet and mixes with an oncoming air stream in a 2cm diameter pipe. The
momentum of the air stream is much larger than that of the fuel jet stream. The fuel jet
penetrates into the oncoming air. The mixture stream flows out in the same direction as
the air stream from the outlet. The round jet is concentric with the 2cm diameter pipe.
The pipe is 12 cm long and the outlet is 2cm from the round jet. The round jet is 3mm
long, the same as thickness of the injection plate used in experiment. It is a 2-D problem
and the domain for calculation can be defined as half of the geometry (the region ABCD)
because of symmetry axisymmetric. A cylindrical coordinate system (z, r) is created for
this problem, shown in Figure 3.7. Z axis is on the centerline and r is on the radial
direction. The hatch region represents the volume that would be occupied by the micro
injection premixer plate used in the experiment that is replaced with a round jet for the
numerical calculation.
Unit: centimeter
r

B(-2, 1)
mixture A(-2,0)

C(10, 1)
propane

0

D

Figure 3.7 Geometries of the numerical model
The model is developed under the following main assumptions:
•

The fuel and air mixing is under steady state conditions.

•

The flow for both air and the fuel is turbulent.
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air
z

•

The gases are incompressible ideal gases

•

The wall temperature is constant (300K).

3.3.2 Governing Equation [77]
This mixing problem involves the velocity distribution, energy dissipation, and
species transport. The FLUENT software will use the continuity, momentum, energy and
species transport equations. All the equations are listed below:
Continuity
Equation 3.1
Momentum equation
Equation 3.2

Energy conservation equation

Equation 3.3
Species transport equations
Equation 3.4

Equation 3.5
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ρ — density of fluid
r
v — vector velocity

Sm — mass source of fluid
P — static pressure

r
F — body force
— stress tensor
E — internal energy
T — temperature
J — diffusion flux
hi — enthalpy
D — turbulence diffusivity

µ t — viscosity
Sct — turbulence Schmidt number
Y — mass fraction

3.3.3 Boundary Conditions
At x=0.12 that is the air inlet with the velocity va.
At r=0.01 that is the wall with velocity equal to 0.
At r=0, that is the axis-symmetric boundary condition
At x=0, that is the outflow boundary condition, where the data are extrapolated from the
interior and the mass balance correction is automatically applied.

3.3.4 Fluid Properties
The fluids in this problem are air and propane. The properties of the two gases
could be found in the FLUENT database. For the mixing gases, the density and the heat
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capacity are calculated according the mixing law. The thermal conductivity is assumed a
constant 0.0454 w/m-k.

3.3.5 Numerical Procedures
The commercial software FLUENT is used to solve this problem. GAMBIT first
is used to create the geometry and the mesh. The interval sizes are 300µm and 100µm
respectively in axis direction and radial direction. Next, a variety of input and boundary
conditions are provided to the problem. These are listed below:
•

The problem is modeled as an axisymmetric and steady flow.

•

Species transport (non chemical reaction) is set as the species model.

•

The mixing species are specified.

•

The boundary conditions for the inlet, wall, outlet, axis and injection source are
quantified.

•

An initial guess and convergence criteria are provided.

By changing the air velocity, fuel velocity and injection hole size, five cases of this
problem (Table 3.2) are solved to investigate the correlation between mixing efficiency
and the momentum ratio. For the 200 µm injection hole, the fuel velocity used for
numerical calculation is within the fuel velocity range of the combustion experiment
described in the Chapter 5.

m&

ρπ r

=

M&

=

m&

—

M& —

ρ

—

r —

ρπ

2

v
r

Equation 3.6
2

v

2

=

m&

2

ρπ

mass flow rate
momentum of fluid
density of fluid
radius of flow channel
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r

2

Equation 3.7

v —

velocity of fluid

Momentum ratio is defined as the fuel stream momentum divided by the total air
momentum.

vf(m/s)
Case
1
Case
2
Case
3
Case
4
Case
5

68.74

Table 3.2 The cases for the numerical calculation
Injection
Fuel mass
Axial
hole
va(m/s)
flow
momentum(n/m3)
Size(µm)
rate(kg/s)
200

20

3.95E-06

400

10

5.93E-06

103.11

200

20

5.93E-06

6.49E7

4.14E-03

68.74

200

10

3.95E-06

2.89E7

7.37E-03

103.11

200

10

5.93E-06

6.49E7

1.66E-02

24.72

2.89E7

Momentum
ratio

3.89E6

1.84E-03
3.81E-03

3.3.6 Results and Discussion
After the program simulations were run, the results could be analyzed by doing
the data post-processing capabilities available with FLUENT. The velocity vectors, the
concentration of fuel, and the jet structure could be visualized in Fluent, which are the
direct information to help us understand how the propane jet mixes with the counter-flow
air stream, and what parameters have the most significant impact on the mixing
efficiency.
3.3.6.1 Injection Region
For all five counter injection cases, the mixing mechanism is similar. Therefore,
only case 5 will be examined in detail. When the jet shoots into the oncoming air, there is
a velocity potential core where high concentration propane is found (Figure 3.8), which is
the red region shown in figure 3.9a. Outside the potential core, the mixing is increased
between the jet and the air stream, which is dominated by the convection mechanism,
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resulting in lower concentration of the propane. Because of the counter-flow air stream,
the jet momentum is reduced, and eventually the jet stagnates. The distance between the
jet exit and the stagnation point is called the penetration distance. In the jet penetration
region, the flow velocities are in the forward direction; outside of the penetration region,
the mixture of propane and air velocity vector in line with the oncoming counter air flow
(Figure 3.9c). The air in the mixture is from the backflow in the turbulence layer between
the jet stream and the air stream (figure 3.9b). The backward movement of the jet stream
that has lost its forward momentum is possible because the jet is deflected by the shear
force to either the upper or lower side of the jet centerline, clearly shown in jet pathline
graph (Figure 3.10). The reverse flow continues to mix with the air stream by convection
and turbulence diffusion. Most of the fuel continues flowing with the air through the
plane of the premixer; a small fraction is recirculated close to penetration region by
entrainment caused by the high velocity jet. The jet behavior from the numerical
simulation is consistent with the results from the experiment done Lam and Chan [18].
3.3.6.2 Penetration Distance
As stated previously the penetration distance is defined as the distance from the
injection position to the stagnation point (the axial velocity on centerline equal to zero).
From the resulting data, it is found that the penetration distance increases with increased
of momentum ratio. Therefore, for a given mass flow rate of fuel and given number of
jets, from equation 3.7, small injection holes will produce much higher injection
momentum, which results in much greater penetration path for the same air momentum.
This is shown in Figure 3.11.

44

Figure 3.8 Contours of mole fraction of C3H8 for case 5

(a)
Figure 3.9 Vector velocity distribution in the domain for case 5: (a) the whole jet view
(b) close to the jet exit (c ) close to the stagnation point (figure continued)
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Stagnation
region

(b)

(c )
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Jet exit plane

Figure 3.10 Path lines of propane stream

penetration distance(mm)

18
16
14
12
10
8
6
4
2
0
1.84E-03 3.81E-03 4.14E-03 7.37E-03 1.66E-02
momentum ratio

Figure 3.11 The correlation between penetration distance and momentum ratio
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3.3.6.3 Mixing and Propane Distribution
From both the velocity field and propane concentration contour graphs, we can
find the propane stream plume shaped like balloons. But the width of concentration
“balloon” is larger than that of velocity “balloon”. This is reasonable as we have
discussed that the propane close to the boundary layer is carried back by the counter air
stream, shown clearly in the propane mole fraction pathline graph (Figure 3.10). The
propane concentration is much higher in the concentration “balloon” region (Figure 3.8).
We are interested on propane concentration distribution both on the cross section plane
and along the centerline. These distributions help to quantify the mixing process. Two
cross section planes, the exit plane and the plane 1mm from the injection plane on the
exit side, are used for analysis.
The un-mixing number, “UM”, is defined below and has been calculated for
different numerical model cases to better understand the effect of parameters such as
momentum ratio, injection hole size, etc. The numerator provides a

UM

=

f max − f min ) / f
( rmax − rmin ) / R

f max — the maximum mole fraction of propane (the mole fraction at r = 0)
f min — the mole fraction of propane where the second derivative of mole

fraction with respect to radius equals zero.

f

— the average mole fraction of propane

rmax — the position of maximum mole fraction of propane
rmin — the location where the second derivative of mole fraction with respect to

radius equals zero.
R — the radius of the inlet pipe.
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The model results provide the concentration distribution at different cross sections
(planes of constant z) along the length of the model. For the counter injection mixing, the
defined un-mixing number UM is used to define the mixing information on cross section
plane. The higher UM, the worse the mixing between the propane and air. For the cross
section planes 1mm downstream and 2cm from the premixer on the exit side, the mole
fraction distribution of propane is respectively shown in Figure 3.12 and Figure 3.13. The
following observation can be listedulated in Table 3.3.
•

For same jet hole size (for case 1, 3, 4 & 5), the higher fuel/air momentum ratio,
the better the mixing (Figure 3.12 and Figure 3.13).

•

For case 2 & 5, with both the fuel flow rate and air flow rate same, the fuel/air
momentum ratio for case 5 is much higher than that for case 2, and
correspondingly , the UM of case 5 is also much greater than case 2. Therefore,
the higher fuel/air momentum ratio, the better the mixing for different jet hole size
at same air flow rate and fuel flow rate.

•

Along the centerline, the propane mole fraction decreases dramatically over the
first 5 mm from the source position, and it decreases much slower when getting
farther from the jet (Figure 3.14). This means the majority part of the mixing
happens in the plume region and the backward region very close to the jet.
Therefore, long premixing length does not help much on enhance the mixing. This
makes it possible to build a compact injection premixer by using counter injection.
Table 3.3 The unmixing number (UM) for five cases
Case 1 Case 2 Case 3 Case 4

Case 5

UM 1mm downstream of the backside of
the premixer (z = - 0.1 cm)

769

1080

270

139

53.1

UM at outlet (z=-2cm)

258

257

105

50.8

24.3
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case2(V f=24.7m /s,V a =10m/s)
case3(V f=103.1m /s,V a =20m/s)
case4(V f=68.7m /s,V a =10m/s)
case5(V f=103.1m /s,V a =10m/s)

0.14
0.13
0.11
0.10
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00
0

2

4

6

8

10

r(m m )

Figure 3.12 Propane mole fraction at the cross section plane (z = -0.1cm)
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Figure 3.13 Propane mole fraction at the outlet (z = -2cm)
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Figure 3.14 Propane mole fraction along the centerline (r=0)
3.3.6.4 Multi-jets Behavior
Each new micro-injection premixer is characterized by an array of the jets varying
by the number and arrangement of the jets, and the diameter of the jets. In this section,
the assumption is made that the overall propane distribution can be calculated by
superposition of the solution of individual jets. By assuming all jets of the injection plate
have the same injection velocity profile, and that the jet-jet interactions do not negatively
affect (reduce) the spread of propane from a single jet, the propane mole fraction
distribution data across the injection plate can be calculated. The jet streams interact with
each other on edges and most jets are not close to the centerline of the air inlet. The
superimposition method does not consider these differences. But the interaction between
jet streams should help the mixing of fuel and air. Therefore, it is probable that the
superimposition method is conservative compared with the actual case.
One micro injection plate (Figure 3.15) that will be described in Chapter 4 utilizes

51

a square array of 37 injection holes (cross mark) in 2cm diameter circle area. The cross
marks shown in Figure 3.15 provide locations of the jets. The black circular holes are the
air channels. The length scale (the distance separating neighboring jets in both the x and y
coordinate direction) is 2.8cm. The propane distribution will be calculated by
superimposing the 37 jets distribution data in the 2cm diameter circle area. It is found that
the distribution of the propane is improved dramatically compared with single jet. For
example, in case 1, the plot shows very uniform concentration out to a radius of around 7
mm (Figure 3.16a). The concentration drops off outside this range artificially because
fewer jets are contributing near the edge (Figure 3.16a). When magnifying the
concentration in 1cm diameter circular area, the deviation from the maximum to the
minimum concentration value is only about 3% of the minimum value (Figure 3.16b).
Effectively, the variation of propane that is expected over the entire surface is predicted
by the variation near the center of the jet array. In all cases, the slope of the propane
concentration near the center of the array with respect to radial coordinate is very
small(Figure 3.16b) , indicating that mixing is quite good.

Y

X

Figure 3.15 The aligned pattern for superimposing
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(a)

(b)
Figure 3.16 Propane distribution of the aligned pattern jets at z= -2 (case 1) (a) On
2cm diameter circular area (b) On 1cm diameter circular area

53

CHAPTER 4 EXPERIMENT APPARATUS
This chapter describes the experimental apparatus used to test the premixer, and
the various premixer configurations (cases) that were tested.

4.1 The Configuration of the Combustor
The combustor consists of four modules: the inlet section, the premixer module,
the combustion chamber and the combustion chamber extension shown in Figure 4.1. A
schematic of the system in different configurations is shown in Figure 4.2. The
combustion chamber is a cylindrical quartz tube with diameter of 52mm and length of 6
inches fixed by two flanges and four long bolts. Two graphite gaskets are used to seal the
gap between the flanges and the quartz tube. The flange of the combustion chamber
module on the downstream side is welded to a stainless steel combustor chamber
extension piece that increases the overall length of the combustion chamber an additional
6 inches. The quartz section of the combustion chamber enables optical access for CH
light. The combustion chamber extension part is used to contain the flame inside the
combustor. The flange on the upstream side of the combustion chamber is bolted to the
micro injection premixer module. The premixer module is a micro injection plate
sandwiched between two stainless steel plates. One set of bolts connects one plate of the
premixer module to the upstream flange of the combustion chamber. Another set of bolts
connect the premixer module to the downstream flange of the inlet section. For the cases
without injection plates, a gasket is used to seal the gap between the two panels. The inlet
section module is a one inch stainless steel pipe with a flange on the downstream end and
a register (or mixer) (Figure 4.1) on the upstream end. The “dump plane” is defined as
the plane of combustion chamber inlet.
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Extension part

Combustion chamber

Premixer module

Inlet section
Fuel inlet

Figure 4.1 The experimental combustor system

55

The combustion air is supplied from a large storage tanks fed by a 290 psig
450ACFM AtlasCopco air compressor. Before the air is fed into the combustor, it is
regulated to 160 psig by a pressure regulator and is filtered by a filter section. An air flow
meter is used to monitor the volumetric flow rate of the air. A needle valve is installed
upstream of the air flow meter to adjust the air flow rate. A pressure gage is installed
immediately downstream of the flow meter to monitor the air pressure drop during the
combustor. The air from the exit of the flow meter is delivered into the fuel/air mixer
through four inlet holes (Figure 4.3). The range of flow rates used for experiment is from
10CFM to 20CFM.
The fuel, propane (C3H8), used for combustion experiment is contained in a 25
gallon (95 liter) propane tank. The pressure of the fuel is regulated by a compressed gas
pressure regulator to 80psi. The volumetric flow rate of fuel is controlled and monitored
by a correlated flow meter with a valve. A flashback arrester and check valve
(AGAFR50) is installed in the fuel line with the aim of protecting the propane tank from
an accidental return of flame. A pressure gage is installed in the fuel line downstream of
the fuel flow meter to monitor the pressure drop of fuel in the combustor. The fuel is
delivered into the combustor either through the micro injection premixer plate or through
the fuel-air mixer (Figure 4.2) for different experiment cases.

4.2 Injection Plates Used in the Experiment
Four micro injection plates were fabricated for this experiment with different
patterns and different hole number and hole size (Table 4.1). For all four injection plates,
the thickness is 3.2mm and the air channels have 1.8mm diameter. For the aligned pattern
(Figure 4.4a), the distance between two neighboring channels is 0.8mm; for the staggered
pattern (Figure 4.4b), the distance is also 0.8mm. Since the inlet duct is one inch size
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pipe, all the fuel injection holes are uniformly drilled within the 1 inch diameter circle
area on the injection plate.
Air

Stainless
steel tube

Quartz tube
Inlet duct

Propane

19.7

6.0

6.0

(I)
Microinjection
premixer

Air
Propane

Quartz tube

Inlet duct

19.7

6.0

Stainless
steel tube

6.0

(II)

Microinjection
premixer

Air

Propane
Quartz tube

Inlet duct

19.7

6.0

Stainless
steel tube

6.0

(III )
Figure 4.2 The flow configures of the combustor with: (I) Premixed without the micro
injection premixer. (II) Premixed with the micro injection premixer functioning as a
screen. (III )Using the micro injection premixer and the fuel ejected counterflow into the
oncoming air. ( All dimensions in inches)
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Fuel Air Mixer

Dimensions in inches

3/5 NPT Tapped Hole-4EA
0.25

M6-1Depth-4EA

3.6

0.50.5 0.8

0.8 0.50.5
0.7 0.7

0.25

3/5 NPT
Tapped
Hole

0.5

Air

1.9

Figure 4.3 The air-fuel mixer
Two stainless steel plates are designed to hold the premixer plate with gaskets
providing good seal. This design makes it possible to easy change between the micro
injection plates. The fuel gas is fed into the injection plate (Figure 4.5 and Figure 4.6),
from both sides, maximizing the access of the fuel to the array of jets.
By changing the fuel feeding method, there are six different combustion
configuration cases (Table 4.2 and Figure 4.2). For the first four cases, the fuel is
delivered to the micro injection premixer plate and ejects via an array of micro jets in
counterflow into the oncoming air stream. The four cases represent all combinations of
the two patterns shown in Figure 4.4, each pattern with two different hole diameters. In
the fifth case, which is totally different from above first four cases, the micro injection
premixer is completely removed from the test apparatus (call this no-micro-injector case).
In no-micro-injector case, the fuel is delivered far upstream of the dump plane in the airfuel mixer (Figure 4.3) and mixes with the air stream. In case 6 the micro injection plate
is installed, but the fuel is still fed through the air-fuel mixer (call this dummy microinjector case). The dummy micro-injector case adds the effect of the screen to the flow
characteristics exiting the dump plane and represents an attempt to provide a better
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comparison between counter injection

and the cases where the air and fuel were

premixed far upstream of the premixer.

Plate
A-150-69
A-200-69
S-200-69
S-150-148

Table 4.1 Parameters for the injection plates
Pattern
Injection
Injection Total area of
hole size
hole
fuel holes
(µm)
number
(mm2)
1.22
Aligned
150
69
2.17
Aligned
200
69
4.65
Staggered
200
148
2.61
Staggered
150
148

(a)

Total area of
air channel
(mm2)
164.30
164.30
189.72
189.72

(b)

Figure 4.4 The micro injection premixer pattern with: a) Aligned b) Staggered
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Fuel inlets

(a)

Injection hole

200 µm

(b)
Figure 4.5 (a) The aligned pattern micro injector premixer (plate A-200-69) used in
the experiments (b) One magnified injection hole
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Fuel inlets

(a)

200 µm

Injection holes

(b)
Figure 4.6 (a) The staggered pattern micro injector premixer (plate S-200-148) used in
the experiments (b) One magnified injection hole
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Table 4.2 The six different combustion cases
Case I, II, III, IV
Case V
Case VI
Using the micro injection plate(APremixed without the
Premixed with the miro
150-69, A-200-69, S-200-148, Smicro injection
injection premixer
150-148) and the fuel ejects
premixer
functioning as a screen
counterflow into the oncoming air
(dummy plate)

4.3 Measurement Technique and Equipments
The schematic of the experimental setup showing all major components is
presented in Figure 4.7,

includes the equipment for NOx measurement, CH

chemiluminescence, pressure vibration, fuel and air flow rate, pressure drop, and
temperature measurement.

Fuel flowmeter
Pressure gage

Hot film

Photodiode

probe

Amplifier
Emissions

Fuel
tank

Fuel flowmeter

Pressure transducer
Charge Amplifier

Traverse

From compressor

NF - 90
Step Controller

DAQ Board

PC

Figure 4.7 Schematic layout of experiment facilities

4.3.1 Equivalence Ratio Measurements
The mass flow rates of the fuel and air can be calculated from known
combinations of volumetric flow rates and gas pressures. The volumetric flow rate of fuel
is measured by Cole-Parmer 150-mm correlated flowmeter (max flow rate = 44.5
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liters/minute); the volumetric flow rate of air is measured by Dwyer VFC flowmeter
(max flow rate = 50 CFM). The pressure of fuel and air is measured by Ashcroft glycerin
filled gauges mounted at the exit of flow meters. For both flow meters, the measurement
accuracy is ± 2.0 % of full scale. The measurement accuracy for the pressure gages is ±
1.0 %. The equation to calculate the mass flow rate of either the air or propane is given
by Equation 4.1 below:

m = ρQ =

p
p
Q=
RT
RT

Q
p0
Q0 = 0
p
RT

pp0

Equation 4.1

where: m is the mass flow rate. ρ is the density of the gas and Q is the actual volumetric
flow rate. P is the pressure of position upstream of the flowmeter. Po is the atmosphere
pressure and Q0 is the flow rate corresponding to the scale number at 1 atmosphere
pressure. R is the ideal gas constant and T is the temperature of the gas.
So:

m f max =

1.02Q0
1.01 pp 0 = 1.025m f
RT

ma min =

0.98Q0
RT

φ max =

1.025m f
0.975ma

0.99 pp 0 = 0.975ma

= 1.051φ

mf is the fuel mass flow rate and mfmax is maximum possible flow rate under the
measurement error. ma is the air mass flow rate and mamin is the minimum possible flow
rate under the measure error. φ is the equivalence ratio defined in the Chapter 1. From
the conservative derivation above, measurement accuracy for the equivalence ratio is
about ±5.1%.

4.3.2 Velocity Measurement
The IFA 300 constant temperature anemometer system [78] is used to measure the
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velocity distribution of the injection streams from the micro injection plate. The constant
temperature anemometer is a bridge and amplifier circuit that controls a tiny wire or film
sensor at constant temperature. As a fluid flow passes over the heated sensor, the
amplifier senses the bridge off-balance and adjusts the voltage to re-balance the bridge.
The voltage then can be related to the flow velocity. Since the bridge voltage is also
sensitive to the temperature, one electrical circuit is built to measure the temperature in
the fluid to correct the velocity results by using software. A model 1128 air velocity
calibrator is used to calibrate the anemometer. It monitors the velocity through the output
of a built-in pressure transducer. By calibrating over a range of velocity, an equation
relating the velocity to voltage is generated and used for the velocity measurement
system. A Velmex VXM traverse system is used to control the probe movement. The
minimum movement for the system is 2.5 µm.

4.3.3 Acoustic and Pressure Measurements
Pressure fluctuations in the combustor are measured by a water-cooled piezoelectric pressure transducer (Kistler 6061B with charge amplifier), which is mounted on
the duct wall 50 mm upstream of the dump plane. The pressure transducer retains high
sensitivity within the temperature range from –50°C to 350°C and continues to operate
even if the water cooling fails.

4.3.4 CH Chemiluminescence Measurements
CH chemiluminescence is a good indicator of the heat release rate. A silicon
Melles-Griot photodiode with a 430 nm centered-optical filter is used to measure the
integral of CH signal. The photodiode is fixed 30cm in front of the combustion chamber.
During the experiment, natural light is blocked to decrease the noise for CH light
measurement.
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4.3.5 NOx Emission Measurements
Concentration of NOx at the exit plane of the combustor was measured to
investigate the influence of different mixing methods on emissions. The exhaust gas
samples were collected with a stainless-steel suction probe and transferred through an
electrically Heated Transfer Sample Line (TSL-H) to a fast chemiluminescence detector
(Cambustion f NOx400). The analyzer was calibrated at 100ppm NOx gas and 0ppm pure
nitrogen gas by using DCS-400 Dynamic Calibration System providing accuracy better
than 1 % of full scale, with negligible deviations. The response time of the analyzer is
around 4ms, which makes the instrument suitable to obtian transient NOx values [79].
After some time running, the calibration will drift. Therefore regular calibration checks
are very important and necessary to obtain valid NOx emission measurements.

4.3.6 Data Collecting System
Labview 8 is used to control the collection of pressure, CH light and NOx
concentration voltage inputs. All voltages are amplified by charge amplifier, and then
collected by a computer installed with NI PCI-6229 DAQ board (connected by BNC
cables and NI BNC-2120 shielded connector block). The software provides all the
functions for controlling, monitoring, and automating real-time experiments.
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CHAPTER 5 RESULTS AND DISCUSSION
To evaluate and analyze the performance of the new micro-injection premixer, the
following set of experiments were performed:

•

The multi-jet injection velocity distribution was measured. This test is performed
to verify that the micro jet array is providing uniform distribution of fuel into the
air. If the distribution is not uniform (i. e. there exits substantial spatial variations
in jet velocity), then the performance of the premixer would be expected to be
greatly compromised.

•

The velocity profile of the air in the inlet section with and without the presence of
the premixer, with and without counter-flow fuel injection was measured.

It is

important to verify that the velocity profiles for each test are a function of radius
only and relatively uniform (i.e the characteristic profile of turbulent flow in a
pipe). It is also considered important to understand the degree to which the
presence of the premixer in the flow stream changed the velocity profile and
turbulence intensity.

•

For each of the six cases described previously, the following quantities were
measured: the lean blow out (LBO) equivalence ratio, pressure signal upstream of
the combustion chamber, CH signal and NOx concentration.

•

For every case, the combustor is operated at three air rates, 10CFM, 14 CFM and
20 CFM. For every air flow rate, the combustor is run at different fuel flow rates
(from lean extinction limit to rich) to obtain the data of CH, pressure, NOx, and
temperature for different equivalence ratio.
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5.1 Velocity Measurements
Pressure Drop through Injection Plates
The pressure drop through the injection plate is the sum of the pressure drop
across the injection hole and the pressure drop from the fuel inlet to injection hole, which
is shown in a simple model (Figure 5.1).

V2, ∆P2
∆P1, V1

V1, ∆P1

Figure 5.1 The simple model for pressure drop calculation through injection plate
The pressure drop from fuel inlet to the injection hole, ∆P1, is due to the friction
loss within the premixer plate. The pressure drop across the injection hole, ∆P2, is caused
by the sudden contraction and expansion.

∆P1 = f

L V12
L m& 2
= f
D 2
D 8 ρ12 A12

Equation 5.1

∆P2 = K

V22
m& 2
= K1
2
2 ρ 22 A22

Equation 5.2

f — friction factor
L— length from the fuel inlet to the injection hole
D— hydraulic diameter of the fuel passing channel
V— fuel velocity
m& — mass flow rate of fuel

ρ — fuel average density
A— fuel channel cross section area
K— loss coefficient of contraction and expansion effect
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Subscript 2 refers to terms related to the pressure drop across the injection hole,
while subscript 1 refers to terms related to the pressure drop from the inlet of the
premixer to a centrally-located jet hole.
In the equation 5.1 and 5.2, the parameters with the biggest difference is the flow
channel cross section area, A. For all four plates, V2 is much greater than V1. Therefore,
the pressure drop across the injection hole is the dominant term. For example, in plate A200-69, V2 is about 25 times greater than V1. The friction pressure drop is negligible
within the plane of the injection plate. Therefore, the pressure inside the injection plate is
uniform and serves as a constant pressure plenum.
For each of the four injection plates, the total fuel pressure drop across the
injection plate was measured as a function of flow rate (Figure 5.2). For plates with
smaller fuel injection area (plate A-150-69), the pressure drop increases dramatically with
mass flow rate. The pressure drop for plate A-150-69 (with 150 µm diameter holes and
the highest exit velocity for a given mass flow rate) was significantly higher than other
plates. For rich fuel equivalence ratio cases, the pressure drop exceeded 60psig. For
reasons not understood, the fuel flow rate became unstable at these flow rates, resulting in
an inability to gather consistent measurements.

Therefore, combustion related data

(NOx, CH and pressure) for plate A-150-69 data was not collected
Injection Jet Array Velocity Distribution
For the microinjection premixer, the fuel is ejected from the micro injection holes
into the oncoming counter air stream. Because the momentum of air stream is much
higher than that of the fuel stream, the mixed fuel is driven back through the air channel
together with the air. It is necessary to measure the velocity distribution for the pure
injection case and the mixing case to characterize how the injection fuel affects the
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velocity distribution of the main air.
Plate A-200-69 was used in this experiment. The hot film is set 1mm from the
injection plane and is able to move along AB direction (figure 5.3) with a step size
125µm by using the Velmex traverse system. The cross marks are positions of jet holes.
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Figure 5.2 (a) Pressure drop of propane for micro injection plates (b) Pressure drop
versus velocity square for injection plates
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Figure 5.3 The injection hole pattern of plate A-200-69
Measurements were taken along both the central x and y directions. Because the
results were identical, only the results along the x axis are presented. The nine jets along
line AB ( equal to 1 inch) have quite similar velocity distribution (Figure 5.4). This
expected result is due to the fact that most of pressure drop through the micro injection
premixer occurs across the small injection holes.
Dump Plane Velocity Distribution
To evaluate the performance of the premixer, combustion results are compared to
the case where the air and fuel are well mixed far upstream of the dump plane. However,
the comparisons are not valid unless the velocity profiles are similar between the cases
where the premixer plate is installed versus the case where it is not. Three cases were
compared. First, the velocity profile at the dump plane was measured with an injection
plate installed (injection plate A-200-69) in the inlet pipe, 1.5 inch upstream from the
dump plane. The velocity profile was taken both with counter injection of air (which was
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substituted for fuel in these tests) (case 1) and without injection of air (case 2).

In

addition, the velocity profile was also measured with the premixing plate removed (case
3).
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Figure 5.4 The mean velocity distribution of jets along AB

The results are shown in Figure 5.5. The velocity distributions for all three cases
are similar. The case without a dummy plate provides the smooth profile expected for
fully developed turbulent flow in a pipe. Compared with the case without any plate, the
velocity profile is not as smooth for either the case where air is introduced in counterflow
or where air in not introduced. The presence of peaks and valleys in the velocity profile is
believed to be the result of “jetting” through the two millimeter diameter holes in the
premixer plate.
From the same set of experiments, the turbulence intensity distributions can be
obtained. Interestingly, the counter injection case shows much higher turbulence intensity
than the other two cases near the center of the inlet pipe and is much more uniform over
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the whole area. This increased turbulence is believed to be associated with turbulence
caused by the counter injection jet streams (Figure 5.6).
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Figure 5.5 The mean velocity on the plane 1 mm from dump plane at air flow
rate10.7SCFM.
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Figure 5.6: The mean turbulence intensity on the plane 1 mm from dump plane at air
flow rate 10.7SCFM
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5.2 Equivalence Ratio at LBO
The equivalence ratio at LBO was measured for three cases. The results are
shown in Figure 5.7. The cases are: i) counter injection of the array of micro jets into
oncoming air using plate A-200-69; ii) air and fuel premixed far upstream of the dump
plane; and, iii) air and fuel premixed far upstream of the dump plane, but with the
premixer installed and not functioning in any capacity other than as a screen. The
combustion case with counter injection fuel through micro injection plate has the lowest
lean extinction limit compared with the other two combustion cases. Normally, a lower
lean extinction limit is pursued because it allows combustors/burners to be able to run
continuously at a lower fuel equivalence ratio to achieve a lower NOx concentration
emission. The lean extinction limit mainly depends on the velocity distribution in the
combustion chamber (which involves the geometry of the combustor), fuel type, and the
molecular mixing of the fuel and the air. From the velocity measurement (Figure 5.5), the
velocity distribution for the case with a dummy injection plate and the case with counter
injection plate are very similar; and the fuel (propane) is the same for both experiments.
Therefore, the improvement of lean extinction limit for the counter injection case
believed to be the result of better mixing of fuel compared with the case with the dummy
injection plate.

5.3 Instability and Heat Release Rate
These instabilities are manifested by oscillations in pressure, rate of heat release,
and flow rate. They have plagued numerous propulsion and power generation systems,
such as solid and liquid rockets, ramjets, and afterburners.
Problems associated with instabilities are numerous. The flow oscillations can
cause the flame to blow off in regions where it could otherwise function steadily. The
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fluctuations in pressure, occurring several hundred times a second, may cause accelerated
wear and cracking in combustor hardware. A disturbance in the composition of the
reactive mixture or local pressure variations disturbs the flame and causes fluctuations in
heat release that, in turn, excite acoustic waves. These waves interact the flames and
cause additional heat release vibration after reflecting off the combustor boundaries. This
is the reason for a self-exciting feedback loop whose amplitude grows rapidly before
saturating into a limit cycle. When the pressure oscillation frequency matches the natural
frequency of the combustor, the oscillation amplitude becomes much larger, which can
damage the combustor.
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Figure 5.7 The equivalence ratio at LBO for three cases
The standard deviation of the CH light provides a quantitive measurement of
combustion stability as is defined below:
s=

1 N
( xi − x ) 2
∑
N − 1 i =1

Where xi is a sample value, x is the mean value of all xi, N is the number of
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samples and s is the standard deviation of sample value xi.
From the standard deviation of CH light information (Figure 5.8, Figure 5.9 and
Figure 5.10), it could be found that, for all five cases, the combustion instability is
increased with the equivalence ratio in lean fuel region. At the air flow 11.2 SCFM and
16.9 SCFM, all five cases have similar instability properties. But at air flow rate 27.9
SCFM, the two cases without micro injection (no injection plate case and dummy plate
case) have higher instability than the three cases with micro injection. For plate A-20069, it happened to find the resonant mode excited at equivalence ratio 1.07 with air flow
rate 27.9SCFM (Figure 5.10 and Figure 5.11). The resonant frequency is around 500Hz
(Figure 5.12). Other than this case, resonances did not appear in other tests. In general,
instability is not a problem for burning at lean fuel by using the injection plates in the
experiment.
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Figure 5.8 The SD CH light for five combustion cases at air flow rate 11.2SCFM
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CH light at air flow rate 16.9 SCFM
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Figure 5.9 The SD CH light for five combustion cases at air flow rate 16.9 SCFM
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Figure 5.10 The SD CH light for five combustion cases at air flow rate 27.9SCFM
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Figure 5.11 The pressure and CH light for plate A-200-69 at resonant mode (air flow
rate 27.9SCFM)
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Figure 5.12 The pressure and CH light spectra for plate A-200-69 at resonant mode (air
flow rate 27.9SCFM)
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The heat release rate is correlated with the actual reaction rate of fuel and air. The
fuel and air reaction rate is enhanced when the air and fuel are well mixed at a molecular
level. Therefore, on fuel lean condition, for a given mount fuel and air, a higher heat
release rate implies a higher rate of chemical reaction rate and better mixing between the
fuel and air. For the five cases of combustion, the counter injection cases with plate A200-69 and plate S-150-148, in fuel lean condition, have the highest heat release rate. The
plate S-200-148 case, the heat release rate is a little bit higher than the other two cases
without the counter injection (Figure 5.13, 5.14, 5.15). This phenomenon could be
explained as:

•

With the counter injection plates, the mixing is better than that without micro
injection plates.

•

For same injection hole pattern plates (plate S-200-148 & plate S-150-148),
higher injection velocity (plate S-150-148) at the same mass flow rates of both air
and fuel results in better mixing than with lower injection velocity case (plate S200-148). For example, the injection velocity ratio between plate S-150-148 and
plate S-200-148 is 1.78. Correspondingly, the heat release rate for the case with
injection plate is higher than with the injection plate S-200-148 case. This result
is qualitatively consistent with the conclusion from the numerical calculation for
a single jet.
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Figure 5.13 Heat release rate at air flow rate 11.2 SCFM

CH light at air flow rate 16.9 SCFM
800

w/o plate
plate A-200-69
plate S-200-148
plate S-150-148
dummy plate

CH light(mean)

600

400

200

0

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

Equivalence ratio

Figure 5.14 Heat release rate at air flow rate16.9 SCFM
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Figure 5.15 Heat release rate at air flow rate 27.9 SCFM

5.4 NOx Concentration
NOx refers to the oxides of nitrogen. These generally include nitrogen monoxide
and nitrogen dioxide. There are three generally accepted mechanisms for the NOx
production: thermal, prompt, and fuel. Thermal NOx is formed by the high temperature
reaction of nitrogen with oxygen as given by the simplified reaction [67]:
N2 + O2 Æ NO, NO2
Thermal NOx increases exponentially with temperature. When the temperature is
above 1100°C, it is the predominant mechanism in combustion process. Prompt NOx is
formed by the relatively fast reaction between nitrogen, oxygen and hydrocarbon
radicals. The overall reaction is given in the following:
C3H8 + O2 + N2Æ NO, NO2, CO2, H2O,etc
This process is very complicated with hundreds of reactions. The hydrocarbon
radicals are intermediate species formed during the combustion process. This mechanism
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becomes important when the temperature is lower.
Fuel NOx is formed by direct oxidation of organo-nitrogen compounds contained
in the fuel. For our experiment, the fuel, propane, does not contain any organo-nitrogen
compounds. Therefore, there is no fuel NOx for this experiment.
The interest of this experiment is focusing on the lean fuel situation. R. C. Steele,
Jarrett etc give a summary of variables affecting NOx formation in lean-premixed
combustion [80]:

•

The combustion temperature has the most important effect.

•

The combustion pressure only has a neutral or slightly negative effect on the NOx
formation.

•

The fuel type has some effect, especially at the temperature above 1700K.
Another important factor, nonuniformity of fuel/air mixing, has a big effect on

NOx emission, which is stated by Valerie J. Lyons [81]. At lean fuel condition (less than
certain value), the average NOx emission increases with increasing fuel/air
nonuniformity. At the equivalence ratio near the stoichiometric, the average NOx
emission decreases with increasing the fuel/air nonuniformity.
All experiments in this thesis occur at atmosphere pressure without preheating,
using propane as the fuel. Since pressure and inlet temperatures were constant, air flow
rate, equivalence ratio (which directly relates to the theoretical combustion product
temperature) and the uniformity of the mixing of the fuel and air are the primary factors
controlling NOx formation.
The suction probe used to obtain gas samples to measure NOx concentration is
located at the center of the combustor exit. From the Figure 5.16, 5.17, 5.18, it is clear
that the mean NOx increases with the equivalence ratio increasing from the lean
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extinction limit, reaches a maximum value, and then decreases as the mixture becomes
richer. The NOx profile is consistent with the temperature changing with the equivalence
ratio. Both the NOx and temperature reach the maximum value when the equivalence
ratio is slightly rich.
At the air flow rate 11.2 SCFM, focusing on equivalence ratios less than 1, it was
found that the NOx emissions were lower for the cases with injection plate A-200-69 and
plate S-150-148 (the cases with the higher injection velocity for a given fuel mass flow
rate) (Figure 5.16). A possible reason is that micro injection plates A-200-69 and S-150148 generate better mixing that results in the fewer regions of near- stoichiometric fuelair, compared with plate S-200-148 and the other two cases without counter injection.
This result is consistent with the results obtained from the mean heat release rate profile
experiments. At an air flow rate 11.2 SCFM, the NOx emission is below 10PPM for
injection plates A-200-69 and S-150-148 at an equivalence ratio 0.8. For the other three
cases, the NOx emission is about 20PPM at the same equivalence ratio.
But at high air flow rates 16.9SCFM and 27.9SCFM, the NOx emission are
similar within the lean fuel region for all five cases (Figure 5.17, 5.18).

This is

interpreted to mean that the fuel is mixed well with the air for all cases at higher air flow
rate.
Although the interest is not on the rich fuel situation, from the limited data on rich
fuel situation, the NOx emission for the cases with plate A-200-69 and plate S-150-148 is
higher than the cases without counter injection for some equivalence ratio. More research
work is possibly required to reveal the reasons behind this.
Summarizing the lean mixing region, from the heat release rate and NOx
emission, plates A-200-69 and plate S-150-148 show similar performance: the heat
release rate of plate A-200-69 is a slightly greater than plate S-150-148, the NOx
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emission of plate A-200-69 is slightly lower than that of plate S-150-148. The fuel hole
area of plate S-150-148 is about 1.2 times of plate A-200-69. So at same fuel mass flow
rate, the jet velocity of plate A-200-69 is 1.2 times of plate S-150-148. Possibly, this
explains the difference of combustion performance. Therefore, the staggered pattern or
aligned pattern does not have visible effect for the combustion performance; the jet
velocity has the biggest infect on the combustion performance considering the three
micro injection premixer plates.
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Figure 5.16 The mean NOx emission for five combustion cases at air flow rate
11.2SCFM
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Figure 5.17 The mean NOx emission for five combustion cases at air flow rate 16.9
SCFM
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Figure 5.18 The mean NOx emission for four combustion cases at air flow rate 27.9
SCFM
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CHAPTER 6 SUMMARY AND FUTURE WORK

6.1 Summary of Work
This dissertation has developed a new concept multi-point micro injection
premixer, including design, fabrication and evaluation.
First, a numerical model was used to characterize the mixing properties of a single
round counter injection fuel jet stream in a oncoming air stream. Five different
combinations of momentum ratio of fuel stream versus air stream and two injection holes
sizes are calculated by use the species transport model and turbulence K-ε model in
fluent. A conclusion is drawn from the calculation that the mixing is better with higher
momentum ratio of fuel stream versus air stream. The counter jet penetration distance is
also greater for higher momentum ratio of fuel versus air. At the plane about 5
millimeters downstream from the injection plate, the fuel distribution profile on the cross
section circular area depends on the momentum ratio of fuel/air. From this quantitive
fact, the pattern of the premixer injection holes distribution can be selected.
Next, four types of injection plates were fabricated. For each design, pressure
resistance is measured as a function of fuel flow rate. The velocity distribution and
turbulence intensity were measured for plate A-200-69 at the air flow rate 0.564g/s. We
found that the velocity profile for every jet hole in the plate is very similar, which makes
it possible to assert that the fuel is injected out uniformly through all the jet holes
regardless where a jet hole locates. When the premixer plate injects air into the main
counter air flow, the velocity distribution is very similar to the case with main air stream
passing through a dummy plate. Interestingly, the turbulence intensity for the counter
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injection case is much more uniformly higher across the central region of the exiting flow
area than the dummy plate case, which helps to enhance the mixing between the fuel and
air.
Finally, in combustion experiments, the equivalence ratio at LBO across the entire
range of air flow rate was lowest when the micro injection premixer plates were utilized
to supply fuel. LBO for the case where a dummy plate was inserted or the case where no
premixer plate was inserted was substantially higher. Similarly, the mean CH signal was
highest over the lean region when the premixer plates were utilized at all three mass flow
rates that were tested. This implies that the micro injection premixers provided enhanced
mixing compared to the cases without micro injection. At the highest air flow rate
measured, the standard deviation of the CH signal (which corresponds to combustion
instability) was greatly reduced when micro injection was utilized. Therefore, at the
highest flow rate measured, the use of micro injection resulted in the consistent result of
lower LBO, increased mean CH signal, and reduced CH signal instability. At the lower
air flow rates, micro injection provided desired high mean CH signal, low LBO, but did
not necessary provide an improvement in reduced CH signal instability. Superimposed on
the general finding that the micro injectors provided the most stable combustion is the
fact the premixer plates that injected the fuel at the highest velocity (for a given air-fuel
ratio) seemed to provide performance in terms of providing the lowest LBO, the greatest
mean CH signal, and the lowest CH signal instablity.
With respect to NOx, at the lowest air flow rate measured, the use of the micro
injector plates to provide fuel resulted in the lowest NOx values over the lean region.
This fact could be interpreted to be consistent with the more stable combustion process
inferred from the low LBO, and higher mean CH signals. At the higher two air flow rates,
the improvement with respect to NOx reduction using the micro injectors is greatly
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reduced. This fact is not fully understood.

6.2 Future Work
Based on the experimental results, the micro injection premixer shows exciting
potential as a fuel and air mixer whose performance can be optimized with further study.
Based on simulation results, most of the mixing is achieved quickly as a result of
the high velocity counterflow jet of fuel into the oncoming air stream. Some additional
mixing is associated with the flow of the air-fuel mixture through the porous premixer
plate. This study focused on mixing, not necessarily on combustion. To further improve
combustion (i.e. establish a stable combustion zone) a swirler or bluff body could be
installed close to the dump plane to sustain the flame. It might then be possible to operate
the combustor at an even lower equivalence ratio, thereby lowering the lean extinction
limit and NOx emissions.
Finally, if the laser system and the intensified CCD camera are available, the
PLIF technique can be applied to obtain a direct quantitative measurement of mixing
performance of the micro injection premixer.
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